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Study  region:  Eastern  and  central  Montana.
Study  focus:  Fish  in Northern  Great  Plains  streams  tolerate  extreme  conditions  including
heat,  cold,  ﬂoods,  and  drought;  however  changes  in  streamﬂow  associated  with  long-term
climate change  may  render  some  prairie  streams  uninhabitable  for current  ﬁsh  species.
To better  understand  future  hydrology  of these  prairie  streams,  the  Precipitation-Runoff
Modeling  System  model  and  output  from  the  RegCM3  Regional  Climate  model  were  used
to simulate  streamﬂow  for seven  watersheds  in  eastern  and  central  Montana,  for  a baseline
period (water  years  1982–1999)  and  three  future  periods:  water  years  2021–2038  (2030
period),  2046–2063  (2055  period),  and  2071–2088  (2080  period).
New  hydrological  insights  for  the  region:  Projected  changes  in  mean  annual  and  mean
monthly  streamﬂow  vary  by  the  RegCM3  model  selected,  by watershed,  and by  future
period.  Mean  annual  streamﬂows  for all future  periods  are  projected  to increase  (11–21%)
for two  of the  four  central  Montana  watersheds:  Middle  Musselshell  River  and Cottonwood
Creek.  Mean  annual  streamﬂows  for all future  periods  are  projected  to decrease  (changes  of
−24  to −75%)  for  Redwater  River  watershed  in  eastern  Montana.  Mean  annual  streamﬂows
are  projected  to  increase  slightly  (2–15%)  for the  2030  period  and  decrease  (changes  of  −16
to −44%)  for the  2080  period  for  the  four  remaining  watersheds.
Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY  license  (http://
creativecommons.org/licenses/by/4.0/).
. Introduction
.1. Purpose and scope
Streams and riparian areas in the Northern Great Plains provide critical habitat for aquatic and terrestrial wildlife. State,
ederal, and university biologists sampled more than 1500 sites on Montana prairies between 1999 and 2007, and found 32
ative ﬁsh species (Bramblett, 2014). These ﬁsh tolerate extreme conditions including heat, cold, ﬂoods, and drought. How-
ver, changes in streamﬂow associated with long-term climate change may  transform some prairie streams from essential
efuges to habitats no longer capable of supporting some or all of the current ﬁsh species. Management of the current ﬁsh
∗ Corresponding author.
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70 K.J. Chase et al. / Journal of Hydrology: Regional Studies 7 (2016) 69–81Fig. 1. Location of the study area, watersheds included in the Precipitation-Runoff Modeling System Models, and selected USGS streamgages in eastern
and  central Montana.
communities and their aquatic habitat requires more information regarding the future of lower order streams in smaller
watersheds in eastern and central Montana.
Studies have examined climate change effects on larger river watersheds across the United States, including the Missouri
River watershed within Montana (Stone et al., 2001; U.S. Bureau of Reclamation, 2011; U.S. Bureau of Reclamation, 2012). In
addition, historic and future streamﬂows were simulated for streams in several western United States watersheds, including
the upper Missouri River and tributaries, but no calibration or evaluation data for the models are available for the upper
Missouri simulations (Littell et al., 2011; U.S. Forest Service, 2014). Consequently more information is needed on future
streamﬂows in smaller watersheds (<7000 square kilometers) in eastern and central Montana.
To investigate potential effects of climate change on streamﬂow in smaller watersheds in eastern and central Montana,
streamﬂow characteristics (mean monthly and mean annual streamﬂows) were estimated for a baseline period [water years
(WY) 1982–1999] and for three future time periods: WY  2021–2038, WY 2046–2063, and WY 2071–2088. (Water year refers
to the 12-month period October 1 through September 30; it is designated by the calendar year in which it ends.) Streamﬂow
for these periods was simulated using the Precipitation-Runoff Modeling System (PRMS) forced with baseline climate data
from Daymet (1-km resolution; Thornton et al., 2012) and future climate model output data derived from the RegCM3
regional climate model (15-km resolution; Hostetler et al., 2011). The streamﬂow information will be used by ﬁsheries
biologists to estimate effects of climate change on ﬁsheries in the northern Great Plains. The Supplementary information
provided with this paper contains details regarding the PRMS models. Simulated mean monthly streamﬂows and ranges of
PRMS input parameter values are available in Chase et al. (2016).
1.2. Description of study area
Seven watersheds in eastern and central Montana were chosen where at least 7 years of streamﬂow data for calibration
and evaluation were available; and where streamﬂows were not substantially affected by operation of reservoirs (the largest
reservoirs in the study area had storage capacities less than 12,330,000 cubic meters). The three watersheds in eastern
Montana were O’Fallon Creek, Redwater River, and Little Dry Creek. The four watersheds in central Montana were Middle
Musselshell River, Judith River, Cottonwood Creek, and Belt Creek. Areas outside Middle Musselshell River, Cottonwood
Creek and Belt Creek watersheds were included in the PRMS simulations in order to include data from U.S. Geological Survey
(USGS) streamgages downstream from major reservoirs as inﬂows to the PRMS models, for model calibration and evaluation
(Fig. 1).
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nd  hydrologic response units of each modeled watershed.
O’Fallon Creek is tributary to the Yellowstone River and the six other study streams are tributary to the Missouri River
Figs. 1 and 2; Supplementary information Table S2). O’Fallon Creek, Redwater River, Little Dry Creek, Middle Musselshell
iver, Judith River, and Belt Creek watersheds are predominantly within the Northwestern Great Plains Ecoregion. The
ountainous headwaters of the Middle Musselshell River, Judith River, and Belt Creek watersheds are in the Middle Rockies
coregion (Woods et al., 2002). The northern part of the Redwater watershed and the entire Cottonwood Creek watershed
re in the Northwestern Glaciated Plains Ecoregion.
The study watersheds in eastern Montana (O’Fallon, Redwater, and Little Dry Creek; Figs. 1 and 2) are mostly underlain
y the Tertiary Fort Union Formation, which is composed largely of shale, sandstones, and siltstones (Sando et al., 2009).
hese watersheds include eroded shale plains with a few sandstone buttes and remnants of old alluvial deposits, which
ccur as gravel capped table lands. Streams ﬂow through relatively narrow bands of alluvial gravels and soils (Montana
epartment of Natural Resources and Conservation, 1960). Outcrops of lignite coal seams are found along the O’Fallon Creek
alley. Several broad glacial lakebeds occupy the northern part of the Redwater River watershed (Montana Department of
nvironmental Quality, 2010).
The geology of the study watersheds in central Montana (Middle Musselshell River, Judith River, Cottonwood Creek,
nd Belt Creek) is much more complex, due to the uplift of the Rocky Mountains. Geologic bedrock units in these study
atersheds include the Tertiary Fort Union, Claggett, Two  Medicine, and Marias River Formations, as well as gravel along
he Judith River valley and granitic rock outcrops in the Belt watershed (Vuke et al., 2007).
Topography of the study area varies from rolling hills, dissected river breaks, buttes, and prairies in eastern Montana, to
ountains and gently sloping plains in central Montana. The study area is predominantly covered by mixed-grass prairie;
he woodlands consist mainly of ponderosa pine, Rocky Mountain juniper, and limber pine. Riparian forests and hardwood-
ominated draws also are present (SAIC, 2011). Other land cover includes cultivated crops and pasture.
Mean annual precipitation (averages of total annual precipitation for each year for the period January 1, 1981–December
1, 2010) ranges from less than 270 millimeters (mm)  in the Cottonwood Creek watershed to more than 1000 mm in the
ig Snowy Mountains that form partial boundaries of the Middle Musselshell River and Judith River watersheds (Fig. 3;
hornton, 2015). Mean annual minimum temperatures (averages of daily minimum temperatures for the period January 1,
981–December 31, 2010) range from −4 degrees Celsius (◦C) in the Big Snowy and Little Belt Mountains at the boundaries
f the Middle Musselshell River, Judith River, and Belt Creek watersheds to 0 ◦C in the Middle Musselshell River watershed
Fig. 3; Thornton, 2015). Mean annual maximum temperatures (averages of daily maximum temperatures for the period
◦anuary 1, 1981–December 31, 2010) range from 9 C in the Big Snowy and Little Belt Mountains at the boundaries of the
iddle Musselshell River, Judith River, and Belt Creek watersheds to 16 ◦C in the Middle Musselshell River watershed (Fig. 3;
hornton, 2015). Mean monthly precipitation for the seven study watersheds generally is highest during May, June, and July
Fig. 4).
72 K.J. Chase et al. / Journal of Hydrology: Regional Studies 7 (2016) 69–81Fig. 3. Mean annual precipitation and mean annual minimum and maximum temperature for the study area, 1981–2010, from Daymet (Thornton et al.,
2012;  Thornton, 2015).
The watershed drainage areas range from 1163 to 7236 square kilometers. Elevations range from 593 meters (m)  above
the North American Vertical Datum of 1988 (NAVD 88) at the Redwater River conﬂuence with the Missouri River, to 2798 m
in the Judith River watershed in the Little Belt Mountains (Supplementary information Table S2).Annual streamﬂow patterns for the three eastern Montana streams (O’Fallon Creek, Redwater River, and Little Dry Creek)
consist of late winter/early spring peak ﬂows from low-elevation snowmelt followed by lower ﬂows in the summer (Fig. 4).
Streamﬂows are ﬂashy and vary dramatically from month to month and from year to year. For example, streamﬂows at the
Redwater River at Circle, Mont. streamgage (06177500; hereinafter referred to as the Redwater at Circle gage; Supplementary
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nformation Table S4) are less than 0.03 m3/s for about 60% of the time, but ﬁve ﬂoods above 142 m3/s were recorded between
Y 1929 and 2012 (U.S. Geological Survey, 2014b). Annual peak ﬂows (for WY 1981–2011) for the Redwater at Circle gage
anged from 0.06 m3/s in WY 1981 to 197 m3/s in WY 1986.
Annual streamﬂow patterns for the four central Montana streams (Middle Musselshell River, Judith River, Cottonwood
reek, and Belt Creek) consist of low winter ﬂows followed by mountain snowmelt runoff in the spring (Fig. 4). Snowmelt
vents and short-to moderate-duration rainstorm peaks typically augment spring and summer ﬂows (U.S. Geological Survey,
014b). Streamﬂows in these central Montana streams generally are not as variable as streamﬂows in eastern Montana
treams. Annual peak ﬂows (for WY  1981–2011) at the Musselshell River at Mosby, Mont. streamgage (06130500) ranged
rom 2.5 m3/s in WY  2000 to 711 m3/s in WY  2011 (U.S. Geological Survey, 2014b).
. Development of the Precipitation-Runoff Modeling System model
The Precipitation-Runoff Modeling System (PRMS) model was  used to simulate streamﬂows for the seven study water-
heds, for a baseline period (WY  1982–1999) and for three future periods: WY 2021–2038, 2046–2063, and 2071–2088.
or this study, a developmental version of PRMS (PRMS Version 6.5421; dated March 18, 2013) was used, as described in
he Supplementary information. Though PRMS simulates daily streamﬂows, this paper focuses on mean monthly and mean
nnual streamﬂows. The baseline period was chosen based on the availability of data from Daymet and from the RegCM3
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models, and streamﬂow averaged over the baseline period appears to be representative of streamﬂow averaged over longer
periods of record based on data from two streamgages in the study area (Supplementary information Fig. S1).
The PRMS models were calibrated to observed streamﬂow data for periods ranging from 3 to 9 years, depending on stream-
ﬂow data availability. The PRMS is a distributed-parameter, physically-based precipitation-runoff model (U.S. Geological
Survey, 2014a; Leavesley et al., 1983; Leavesley et al., 1996; Markstrom et al., 2015) that can be used to simulate daily
hydrologic and energy processes occurring in a watershed. In PRMS, the watershed is divided into hydrologic response
units (HRUs) that are based on the physical attributes of the watershed (Supplementary information Description of the
Precipitation-Runoff Modeling System). Each HRU is considered homogeneous with respect to hydrologic and physical
characteristics and to its hydrologic response. Hydrologic response units and their initial parameters were based on the
Geographic Information System (GIS) Features of the Geospatial Fabric (GF) for National Hydrologic Modeling (Viger, 2014;
Viger and Bock, 2014). The GF was created using the National Hydrography Dataset Plus (NHDPlus v. 1; Horizon Systems
Corporation, 2006).
2.1. Time-series data
Time-series data are used in this PRMS study for three purposes: for PRMS model forcing input to drive the simulations, for
observed streamﬂow inputs (for three of the PRMS models) at points downstream from reservoirs, and for model calibration
and evaluation. Climate (daily precipitation and daily maximum and minimum temperature) data are required as forcing
input in PRMS simulations. Daily streamﬂow and mean monthly solar radiation and potential evapotranspiration data were
used for model calibration.
The two sets of climate variables used as forcing input to the PRMS models are described in Supplementary information
Climate Data. First, daily precipitation and daily maximum and minimum temperature values from the Daymet data set
(Thornton et al., 2012) were derived for each HRU and used as forcing input to the PRMS models for baseline conditions (WY
1982–1999). The Daymet data were distributed on a 1-km grid. Second, daily precipitation and temperature outputs from
the RegCM3 regional climate model (Hostetler et al., 2011) were derived for each HRU. The RegCM3 outputs were distributed
on a 15-km grid. These HRU precipitation and temperature variables from RegCM3 were used to calculate changes in mean
monthly precipitation and in mean monthly minimum and maximum temperature from baseline conditions to three future
periods: WY 2021–2038 (2030 period), WY  2046–2063 (2055 period), and WY 2071–2088 (2080 period). Changes in climate
variables also were calculated for one year preceding each period for PRMS model initialization.
The output from three General Circulation Models (GCMs), the GFDL CM 2.0 GCM, the MPI  ECHAM5 GCM, and the GEN-
MOM GCM, were used as boundary conditions to RegCM3 (Supplementary information Table S3; Hostetler et al., 2011).
In comparisons with observed data, the GFDL and GENMOM GCMs display cold and wet  biases over North America. Tem-
peratures simulated over North America by the GFDL GCM have been shown to be more sensitive than the GENMOM and
ECHAM5 GCMs to increases in atmospheric carbon dioxide CO2 concentrations. Outputs from RegCM3 using the ECHAM5
and GENMOM GCMs as boundary conditions were available for the 2030, 2055, and 2080 periods (plus one year preceding
each period for PRMS model initialization); outputs from RegCM3 using the GFDL GCM as boundary conditions were only
available for the 2055 period (plus one year preceding the 2055 period for PRMS model initialization). Hostetler et al. (2011)
provides further descriptions of the GCMs, as well as the rational for their inclusion as boundary conditions for RegCM3. As
discussed in the Supplementary information, the A2 emissions scenario was used both for RegCM3 and for the GCMs.
The changes in mean monthly precipitation and mean monthly maximum and minimum temperature from each of the
RegCM3 models (RegCM3 models using boundary conditions from the ECHAM5, GENMOM, and GFDL GCMs) were applied to
the baseline Daymet daily values for each watershed; the resulting future climate variables hereinafter are referred to as the
ECHAM5-delta, GENMOM-delta, and GFDL-delta climate variables. Mean annual precipitation increased for all watersheds
and for all models except for the GENMOM-delta 2030 data sets for O’Fallon Creek, Redwater River, and Little Dry Creek
(Supplementary information Figs. S2 and S3). Mean annual maximum temperatures increased for all watersheds and for
all models; with increases generally higher for the central Montana watersheds than for the eastern Montana watersheds
(Supplementary information Figs. S2 and S4). Changes in mean annual minimum temperatures were similar to changes in
mean annual maximum temperatures. The future climate variables were used as forcing input to the PRMS models for the
three future periods.
2.2. Precipitation-Runoff model calibration
Calibration and evaluation periods varied according to streamﬂow data availability (Tables S2 and S6; Supplementary
information Model Calibration Approach). Parameters calibrated included coefﬁcients used in calculation of solar radiation
and potential evapotranspiration; adjustment factors for precipitation, temperature, and rain/snow determination; coefﬁ-
cients used to calculate building and melting of the snowpack; and coefﬁcients used to calculate inﬁltration and groundwater
movement. Calibration and evaluation results (Supplementary information Model Calibration Results) indicated that simu-
lated mean annual streamﬂows were within 14% of observed mean annual streamﬂows, except for the Redwater Creek and
Little Dry Creek watershed evaluation period, where simulated streamﬂows were within 30% and 43% of observed, respec-
tively (Supplementary information Table S6). Winter (January–March) streamﬂows in the three eastern-most watersheds
that experience runoff on frozen ground and ice jam ﬂooding were not well simulated (Supplemental Information Fig. S5);
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robably due to problems with application of the algorithm simulating runoff on frozen ground to the eastern Montana
atersheds, and the lack of an algorithm to simulate ice jam ﬂooding. For winter and non-winter months, mean monthly
treamﬂows generally were over-simulated by the model, except for Little Dry Creek and Belt Creek.
Values of the Nash-Sutcliffe model efﬁciency coefﬁcient (NS; Moriasi et al., 2007), were calculated for each watershed.
S values can range from −∞ to 1 with 1 indicating a perfect match between the observed and simulated values. A value of
 indicates that simulated streamﬂow is as good as using the average value of all the measured data.
Values of NS calculated on a monthly basis ranged from −1.01 to 0.988; values of NS calculated on a seasonal basis ranged
rom −1.22 to 0.998. The lowest NS values were for Redwater River and Big Dry Creek (calibration streamgage for Little Dry
reek watershed; see Supplementary information Table S6). For the other ﬁve watersheds NS values were >0.5, considered
atisfactory for watershed modeling (Moriasi et al., 2007). Unsatisfactory values of NS for Redwater River and Little Dry Creek
ere associated with simulating winter ﬂows as discussed earlier. When winter months (January, February, and March) were
emoved from the NS calculations for the O’Fallon Creek, Redwater River, and Big Dry Creek watersheds, values of NS for
he seven watersheds calculated on a monthly basis ranged from 0.345 to 0.988 and values of NS calculated on a seasonal
asis ranged from 0.369 to 0.988. Values of NS for Redwater River increased to satisfactory, and values for Little Dry Creek
ncreased to satisfactory for the calibration period but remained unsatisfactory (NS of 0.345 calculated on a monthly basis
nd 0.369 calculated on a seasonal basis), for the evaluation period (Supplementary information Table S6 footnotes). Less
han satisfactory Nash-Sutcliffe calibration results for this general region also were reported by Newman et al. (2015) and
ock et al. (2015), even though different runoff simulation models, different sets of streamgages, and different calibration
ime periods were used for those studies.
. Results
.1. Changes in mean annual and mean monthly streamﬂow at watershed outlets
Streamﬂow was simulated using the PRMS models for the seven watersheds, for the Daymet climate variables for the
aseline period, the ECHAM5-delta and GENMOM-delta climate variables for the 2030, 2055, and 2080 periods, and for the
FDL-delta climate variables for the 2055 period. The PRMS models using the ECHAM5-delta, GENMOM-delta, and GFDL-
elta climate variables hereinafter are referred to as the ECHAM5, GENMOM, and GFDL models, respectively. Averages (from
he multiple models) of changes in mean monthly and mean annual streamﬂow from the baseline period to each future
eriod for each watershed hereinafter are referred to as model average changes. Model average changes, as well as ranges
f change from the multiple models, for the three future periods are shown on a mean monthly and mean annual basis for
he outlet of each watershed in Fig. 5.
Simulated changes in future streamﬂows might be more reliable when they are larger than the PRMS calibration and
valuation errors. PRMS model calibration and evaluation percent errors were calculated as (simulated minus observed)
ivided by observed. These values are listed in Supplemental Information table S6. The PRMS model error shown in Fig. 5
or each watershed is the larger of the errors from the calibration and the evaluation periods. For some watersheds, models,
nd future periods, the simulated changes in future streamﬂows are smaller than the PRMS errors (Fig. 5). However for most
ean annual ﬂows and for many months, the changes in future streamﬂows are larger than PRMS model errors.
Mean annual streamﬂows in Middle Musselshell River and Cottonwood Creek watersheds for all future periods are
rojected to increase (model average changes of 11–21%). Because calibration and evaluation data for winter months were
navailable for those watersheds, PRMS model errors in mean annual streamﬂow (for the entire year) are unknown. Mean
nnual streamﬂows in Redwater River watershed for all future periods are projected to decrease (model average changes of
24 to −75%), with the largest decreases in the 2080 period. Projected decreases in mean annual streamﬂows are larger than
r about equal to the PRMS model errors. As illustrated by the range bars in Fig. 5 that are short or not visible, for these three
atersheds, projected changes in mean annual streamﬂow for each period do not differ substantially between the multiple
odels (except for the Redwater River watershed 2030 period). This demonstrates that the different GCMs for each of these
atersheds produce fairly consistent results.
For the remaining watersheds, mean annual streamﬂows for the 2030 period are projected to increase a small amount
model average changes of 2–15%; Fig. 5). Projected changes in mean annual streamﬂow for O’Fallon Creek watershed for
he 2030 period range between an increase of 51% to a decrease of 41% for the ECHAM5 and GENMOM models. Projected
030 changes in mean annual streamﬂow do not differ by more than about 22% for the multiple models for each of the other
atersheds (Little Dry Creek, Judith River, and Belt Creek). Projected increases in mean annual streamﬂow are larger than
he PRMS model errors for O’Fallon Creek and Judith River, but smaller than the PRMS model errors for Little Dry Creek and
elt Creek.
For the O’Fallon Creek watershed 2055 period, the mean annual streamﬂow is projected to increase by a small amount
model average change of 2%); the change in mean annual streamﬂow from the multiple models ranges from −15 to +31%.
or Little Dry Creek, Judith River, and Belt Creek watersheds, mean annual streamﬂows are projected to decrease (model
verage change of −34%, −18%, and −18%, respectively). The ECHAM5, GENMOM, and GFDL models consistently project
ecreases in mean annual streamﬂow for these watersheds for the 2055 period. Mean annual streamﬂows in O’Fallon Creek,
ittle Dry Creek, Judith River, and Belt Creek watersheds are projected to decrease in the 2080 period (model average change
f −36%, −44%, −26%, and −16%, respectively). The ECHAM5 and GENMOM models consistently project decreases for these
76 K.J. Chase et al. / Journal of Hydrology: Regional Studies 7 (2016) 69–81
Fig. 5. Simulated changes from baseline to future mean monthly and mean annual streamﬂow for 18-year periods centered around 2030, 2055, and 2080,
for  the seven study watersheds in eastern and central Montana. (A) O’Fallon Creek. (B) Redwater River. (C) Little Dry Creek. (D) Lower Musselshell River. (E)
Judith River. (F) Cottonwood Creek. (G) Belt Creek. The ranges and averages for the 2055 period are from using the ECHAM5, GENMOM, and GFDL General
Circulation Models; ranges and averages for the 2030 and 2055 periods are from using the ECHAM5 and GENMOM General Circulation Models. PRMS model
error  is the larger of Precipitation-Runoff Modeling System model errors from the calibration and evaluation periods.
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atersheds for the 2080 period. Projected changes in mean annual streamﬂows for these watersheds for both 2055 and
080 periods are larger than the PRMS model errors.
Projected changes in mean monthly streamﬂows from baseline conditions vary by model (ECHAM5, GENMOM, or GFDL
odel), by watershed, by future period, and by month (Fig. 5). In Middle Musselshell River and Cottonwood Creek watersheds,
ean monthly streamﬂows for all three future periods are projected either to increase, remain unchanged or decrease very
ittle (model average changes of about −9% to 39%). For most months, these projected changes are greater than the PRMS
odel errors. In the Redwater River watershed, for all future periods, winter (January–March) and April mean monthly
treamﬂows are projected to decrease by a large amount. Redwater River streamﬂows generally are highest during these
onths. May–December mean monthly streamﬂows for the Redwater River watershed are projected to increase by a small
mount. Redwater River streamﬂows during these months tend to be very low – less than 1 cubic meter per second. These
rojected changes are less than the PRMS model errors for most months. In O’Fallon Creek, Redwater River, and Little Dry
reek watersheds, February mean monthly streamﬂows are projected to decrease. February ﬂows for those watersheds
enerally are the highest of the year. The projected changes for February for O’Fallon Creek and Redwater River are less than
he PRMS model errors, but the projected changes for Little Dry Creek are greater than PRMS model errors.
In the O’Fallon Creek and Judith River watersheds, mean monthly ﬂows generally are projected to increase or remain
bout the same in the summer (July–September) in the 2030 period and decrease in the summer in the 2080 period. These
rojected changes generally are less than the PRMS model errors for O’Fallon Creek but greater than the PRMS model errors
or Judith River. In Little Dry Creek watershed, mean monthly streamﬂows for all future periods generally are projected to
ncrease in the fall (October–December) and in the summer, and decrease in the winter. Fall streamﬂows in Little Dry Creek
atershed tend to be very low – less than 1 cubic meter per second. These projected changes are less than the PRMS model
rrors except for the months of October and February.
The wide ranges between model results for some watersheds, future periods, and months (Fig. 5) lead to uncertainties
n predicted changes in mean monthly streamﬂow. These uncertainties are especially evident for O’Fallon Creek and Little
ry Creek watersheds in the spring and summer.
.2. Changes in mean annual streamﬂow averaged for each future period by stream segment
Mean annual streamﬂows are projected to increase slightly (up to 15%) in the 2030 period for stream segments in all
atersheds except Redwater River (Fig. 6). Mean annual streamﬂows are projected to increase by up to 30% for stream
egments in Middle Musselshell River and Cottonwood Creek in the 2055 and the 2080 periods, and for O’Fallon Creek
ainstem in the 2055 period. In the 2055 period mean annual streamﬂows are projected to decrease by up to 50% for the
ther ﬁve watersheds. Decreases in mean annual streamﬂows are projected to intensify in the 2080 period, with Redwater
iver mean annual streamﬂows projected to decrease by up to 75%.
The simulated changes in mean annual streamﬂows are not uniform across each watershed (Fig. 6). For example in the
udith River watershed in the 2030 period, mean annual streamﬂows are projected to decrease more for the western side
han for the eastern side. In O’Fallon Creek watershed in the 2055 period, mean annual streamﬂows are projected to decrease
n the tributaries and increase in the mainstem.
. Discussion
Mean annual streamﬂows for outlets of the watersheds in eastern Montana are projected to decrease more than for the
atersheds in central Montana, especially by the 2080 period (changes of −16 to −75% for eastern Montana). These simulated
ecreases in future streamﬂows appear to be driven at least partially by a decrease in the number of simulated runoff on
rozen ground events in eastern Montana, from about 6–7 events during the baseline period to 0–1 events during the 2080
eriod. During a runoff on frozen ground event, precipitation and snowmelt quickly ﬂow to channels to become streamﬂow.
hen the ground is not frozen, more precipitation and snowmelt inﬁltrate the soil; some of the additional water in the soil
s then available for evapotranspiration. Inﬁltration and evapotranspiration reduce streamﬂow volumes and attenuate the
unoff hydrograph. Future simulations generally project larger increases in winter actual evapotranspiration for the eastern
ontana watersheds than for the central Montana watersheds.
Simulated decreases in snow-covered area and snowmelt runoff in the winter (January–March) also contribute to the
imulated decreases in streamﬂow in the eastern Montana watersheds, where the highest mean monthly streamﬂows occur
n the winter (Fig. 4). Snow-covered area and snowmelt runoff also are projected to decrease for the central Montana
atersheds. However, the runoff on frozen ground processes that cause high winter streamﬂows in eastern Montana appear
o be absent (or unsubstantial compared to snowmelt runoff on unfrozen ground) in the central Montana watersheds. Also,
imulated decreases in snowmelt in the central Montana watersheds occur mostly in the spring (April–May), and appear to
e buffered by projected springtime precipitation.Mean annual streamﬂows for all future periods are projected to decrease (changes of −24 to −75%) for the Redwater
iver watershed in eastern Montana; these decreases are larger than decreases in the other study watersheds. These sim-
lated decreases in mean annual streamﬂows are driven by warmer temperatures and less frozen ground simulated by
RMS, resulting in simulation of less winter runoff, more winter soil inﬁltration, and more winter groundwater recharge.
78 K.J. Chase et al. / Journal of Hydrology: Regional Studies 7 (2016) 69–81
Fig. 6. Simulated changes in mean annual streamﬂow for stream segments in the seven study watersheds in eastern and central Montana.
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he simulated increases in inﬁltration and groundwater recharge during the winter appear to lead to slight increases in
treamﬂows May  through September.
Decreases in frozen ground, decreases in winter runoff, and increases in winter inﬁltration and recharge also are simulated
or the O’Fallon Creek and Little Dry Creek watersheds. However, O’Fallon Creek mean monthly streamﬂows in the spring
nd early summer are higher than for Redwater River, for baseline and future periods, somewhat countering the decreases in
inter streamﬂows. Precipitation in the Little Dry Creek watershed is projected to increase more than in the Redwater Creek
nd the O’Fallon Creek watersheds (Supplemental Information Fig. S3). Snowmelt and winter streamﬂows might decrease
ore in Redwater River watershed than in the other eastern Montana watersheds because of Redwater River watershed’s
ower elevations (Supplementary information Table S2).
Mean annual streamﬂows for all three future periods are projected to increase slightly (11–21%) for Middle Musselshell
iver and Cottonwood Creek. Mean annual temperatures for Middle Musselshell River and Cottonwood Creek watersheds
re projected to increase slightly less than for the other two central Montana watersheds (Fig. S4). Because of the smaller
ncreases in temperature, increases in simulated actual evapotranspiration are smaller for the Middle Musselshell and Cot-
onwood Creek watersheds than for the Belt Creek watershed, resulting in relatively more drying in the Belt Creek watershed.
ctual evapotranspiration is projected to increase less in the Judith River watershed than in the Middle Musselshell River
nd Cottonwood Creek watersheds, but increases in precipitation are much smaller in the Judith, resulting in relatively more
rying in the Judith River watershed.
Mean monthly streamﬂows for Middle Musselshell River and Cottonwood Creek watersheds increase slightly for almost
very month, period, and model. This consistent increase is unlike the other study watersheds where changes in mean
onthly streamﬂow vary by month and period, and models give differing results. The Montana State Water Plan (Montana
epartment of Natural Resources and Conservation, 2014) also projects Musselshell River mean monthly streamﬂows to
ncrease or remain the same under an “ensemble middle” of future climate scenarios for the period 2010–2059 (compared
o a historic period 1950–1999). The methods and datasets used in the Montana State Water Plan were different from those
sed in this study. Per the State Water Plan, the Musselshell River differs from the Yellowstone and Upper Missouri Rivers
here mean monthly January–May or June streamﬂows are projected to increase and mean monthly July–November or
ecember streamﬂows are projected to decrease.
Cottonwood Creek watershed is oriented (based on the general direction of streamﬂow of Cottonwood Creek) from north
o south, and Middle Musselshell watershed is oriented from west to east, while the other ﬁve study watersheds generally
re oriented from south to north. The Big Snowy Mountains, which form the western boundary of the Middle Musselshell
atershed and the southwestern boundary of the Judith watershed, are an isolated mountain range distinct from the Little
elt and Big Belt Mountains to the west and are surrounded by foothills and plains. The Big Snowy Mountains likely affect
limate patterns and inﬂuence hydrologic processes in the Middle Musselshell and Judith watersheds. These inﬂuences could
e another factor in the differences in simulated changes in streamﬂow among the Middle Mussellshell River, the Judith
iver, and other study streams. More data and further analyses are necessary to determine if watershed orientation or other
eographic, orographic, geologic, and land cover characteristics are related to differences in future climate and streamﬂow
hanges among the watersheds.
Mean annual streamﬂows for Judith River and Belt Creek in central Montana are projected to increase slightly for the 2030
eriod and decrease for the 2055 and 2080 periods. Judith River mean monthly streamﬂows are projected to decrease every
onth for the 2055 and 2080 periods, with the largest decreases in the summer. Precipitation in the Judith River watershed
s projected to increase much less than in the Belt Creek watershed, leading to more consistent decreases in simulated
udith River future streamﬂows. Belt Creek mean monthly streamﬂows are projected to increase in December–February and
n April and decrease May–September for the 2055 and 2080 periods. The Belt Creek streamﬂow changes reﬂect warmer
inter temperatures and a shift to earlier snowmelt runoff projected by other investigations in the western United States
IPCC, 2014; Markstrom et al., 2012; Climate Impacts Group, 2004).
. Conclusions
The Precipitation-Runoff Modeling System model, precipitation and temperature data from the Daymet dataset, and
utput from the RegCM3 Regional Climate model were used to simulate streamﬂow for seven watersheds in eastern and
entral Montana, for a baseline period (water years 1982–1999) and three future periods: water years 2021–2038 (2030
eriod), 2046–2063 (2055 period), and 2071–2088 (2080 period). Simulated mean monthly streamﬂows and ranges of PRMS
nput parameter values are available in Chase et al. (2016). Projected changes in mean annual and mean monthly streamﬂow
ary by the RegCM3 model selected, by watershed, and by future period. Projected changes in streamﬂow, as well as PRMS
odel errors, generally are larger for the eastern Montana watersheds than for the central Montana watersheds.
Mean annual streamﬂows for all future periods are projected to increase (11–21%) for two  of the four central Montanaatersheds: Middle Musselshell River and Cottonwood Creek. Mean annual streamﬂows for all future periods are projected
o decrease (changes of −24 to −75%) for Redwater River watershed in eastern Montana. Mean annual streamﬂows are
rojected to increase slightly (2–15%) for the 2030 period and decrease (changes of −16 to −44%) for the 2080 period for
’Fallon Creek, Little Dry Creek, Judith River, and Belt Creek watersheds.
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6. Potential uses and limitations of the models
The PRMS models of the seven study watersheds can be used to estimate potential changes in monthly, seasonal, and
annual streamﬂows from the baseline period (WY  1982–1999) to three future periods: WY 2021–2038, 2046–2063, and
2071–2088. The models can be further reﬁned to better simulate observed ﬂows by adding algorithms to simulate reservoir
operation, irrigation diversions and irrigation return ﬂows, by using dynamic parameters to simulate changing land cover
and water use, and by improving the algorithm to simulate snowmelt on frozen ground in eastern Montana. Remotely-
sensed evapotranspiration values could provide further calibration and evaluation information for the reﬁned models. The
reﬁned models could be used to estimate possible future streamﬂow scenarios under various combinations of changes in
climate, irrigation practices, land use, and vegetation. The models also can be combined with groundwater models to further
investigate interactions between surface water and groundwater under changing land use, irrigation, and climate scenarios.
Limitations include uncertainties in the PRMS model algorithms, time-series data, and estimation and calibration of
parameter values (Supplementary information Limitations of the PRMS Model). The PRMS models developed for this study
should be used only for simulation of streamﬂow on a monthly, seasonal, and annual basis, not for daily streamﬂow simu-
lations. Because the changes in streamﬂow presented are averaged over 18 years, changes in extreme events, such as ﬂoods
and very low ﬂows are not included in the analysis. In addition, water use is not explicitly simulated in the PRMS models.
Accounting for changes in water use could lead to different results than presented herein. Finally, the parameter values for
soils, land cover, and forest type do not reﬂect changes caused by periodic forest ﬁres or land use practices. These static
parameter values also do not reﬂect changes in vegetation and soils that might result from a changing climate. According
to Bjerklie et al. (2015) changes in land cover and vegetation could affect streamﬂow more than changes in climate in some
areas.
In addition to limitations of the PRMS simulation capabilities, there are uncertainties associated with the RegCM3 climate
models, with the GCMs used as boundary conditions for RegCM3, and with the change factor method used in this study to
calculate future climate variables (precipitation and minimum and maximum temperature). Changes in temperature are
relatively consistent for the three GCMs, but changes in precipitation differ by GCM and by watershed (Supplementary
information Figs. S2–S4), leading to wide ranges in simulated future streamﬂows for some watersheds (Fig. 5). In addition,
the RegCM3 model outputs are based on the GCMs and the A2 emissions scenario. The A2 scenario represents an estimate
of future carbon emissions based on economic, social, political, and technological developments. Actual future develop-
ments might differ, leading to large uncertainties in the future climate model outputs from the GCMs and RegCM3 models.
Finally, as discussed in Koczot et al. (2011) and Markstrom et al. (2012), the historical period chosen to represent baseline
conditions can affect the PRMS projections when the change factor method is used to estimate future temperature and pre-
cipitation variables. Furthermore, Littell et al. (2011) report that potential changes in the variability or time series behavior
of temperature and precipitation are not captured by the change factor method.
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